Cu(In,Ga)Se 2 (CIGS) films were prepared by thermal treatment of In/CuGa metallic precursors using dimethylselenium, which is a less hazardous Se source than H 2 Se gas. CIGS films were fabricated using various heating times and dimethylselenium supply rates. We investigated the effect of the selenization temperature and the dimethylselenium supply rate on the crystal phase and surface morphology of the films. It was demonstrated that deimethylseleniumt is effective in preparation of the CIGS films as the alternative material of H 2 Se.
Introduction
Cu(In,Ga)Se 2 (CIGS) alloys, which are IIIIVI compound semiconductors with a chalcopyrite structure, are promising materials for absorbing layers in photovoltaic devices. These alloys have high optical absorption coefficients (³10 5 cm ¹1 ) in the visible region, and thus can be used to produce very thin absorbing layers. Furthermore, the band gap of CIGS alloys can be continuously tuned between 1.04 eV for CuInSe 2 (CIS) and 1.68 eV for CuGaSe 2 (CGS) by changing the Ga/(Ga + In) ratio. 1) Several processes are used to form CIGS layers, including co-evaporation and selenization of precursor materials. In selenization methods, H 2 Se gas 28) or elemental Se vapor 914) is mainly used as the Se source material. However, both of these conventional Se sources are problematic. Elemental Se vapor can be used to selenize only small areas. On the other hand, H 2 Se gas is highly toxic and is stored in high-pressure cylinders; consequently, it must be handled carefully to prevent leakage.
The organometallic compounds diethylselenium and dimethylselenium (DMSe) are alternative source materials with several advantages over H 2 Se gas and elemental Se vapor. Liquids at room temperature, diethylselenium and DMSe are stored in stainless steel bubblers at atmospheric pressure, and thus have a much lower risk of leakage than H 2 Se gas. Furthermore, since the vapor pressure curves of these alternative materials are well known, their supply rate can be accurately controlled according to the temperature of the bubbler and the mass flow rate of the carrier gas fed into it. In this study, we used DMSe as an organometallic selenization source material and investigated the effect of the selenization temperature and dimethylselenium supply rate on the crystal phase and surface morphology of the prepared films.
Experimental Procedure
Polycrystalline CIGS films were prepared by thermal treatment using dimethylselenium. Figure 1 shows a schematic cross-sectional view of the precursor for preparing CIGS film. Soda-lime glass was used as the substrate in this work. Molybdenum layers of 530 nm thickness were sputter deposited on the substrate. In (600 nm) and CuGa (300 nm) metal films, in which the composition was adjusted to a molar ratio of Cu : In : Ga = 5 : 6 : 1, were deposited by sputtering onto Mo-coated soda-lime glass substrates. Precursors were mounted on a carbon susceptor and introduced into a horizontal quartz tube reactor. They were heated by RF heating at a rate of 100°C/min in pure nitrogen gas at atmospheric pressure. DMSe was used as the source material for selenization of the precursors. The DMSe supply rate was varied between 10 and 30 µmol/min, and the total mass flow rate of the nitrogen carrier gas was set to be 200 mL/min. The treatment temperature was varied between 450 and 550°C. The treatment time was constant at 60 min.
The crystal phase was investigated by X-ray diffraction (XRD) using CuK¡ radiation. The surface morphology of each sample was observed by scanning electron microscopy (SEM). Compositional analysis was performed by energydispersive X-ray spectroscopy (EDX). © 2012 The Japan Institute of Metals the DMSe supply rate was kept constant at 10 µmol/min. The XRD pattern of the sample treated at 450°C contains peaks diffracted from CIGS, InSe, and Cu 3 Ga. For treatment temperatures above 500°C, the intensity of the diffraction peaks from InSe and Cu 3 Ga decreased with increasing treatment temperature and the diffraction peak from CIGS became sharper. This indicates that selenization of the precursor was promoted by increasing the treatment temperature. Figure 3 shows the evolution of the surface morphology of the samples as a function of treatment temperature. The surface of the sample treated at 400°C was covered with fine grains. Marked changes in surface morphology were observed when the precursor films were selenized at 500°C and higher. At a treatment temperature of 500°C, the film surface was covered with faceted crystalline grains (>1 µm diameter) superimposed on a relatively smooth background of sub-micrometer circular grains. The faceted grains became larger at a treatment temperature of 550°C. Although the types of chemical reactions that occur during selenization using DMSe remain unclear, the following reactions are presumed to occur. 10) In the initial stage of selenization, Se supplied from DMSe diffuses into the precursor from the surface, and InSe is formed by Se reacting with In, which covered the precursor surface. Selenization then further progresses, and CIGS is formed through the reaction between InSe and CuGa layers. Comparison with the XRD results shown in Fig. 2 suggests that the surface morphology is affected by the formation of the CIGS structure. The faceted grains resulted from the formation of CIGS, and they became larger as selenization occurred to a greater extent. Figure 4 (a) shows XRD patterns of samples that were treated at various DMSe supply rates. The treatment temper-
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2.5μm Diffraction Angle, 2θ /degree X-ray Intensity (a. u.) ature was kept constant at 550°C. The InSe diffraction peak, which was barely observed at a DMSe supply rate of 10 µmol/min, disappeared at higher rates. Single-phase CIGS films were obtained at supply rates above 15 µmol/min. As the DMSe supply rate was increased, the position of the CIGS(112) peak shifted toward the Ga-rich side. Figure 5 shows the surface morphology of samples prepared at supply rates of 10 µmol/min and 30 µmol/min. At 10 µmol/min, the film surface was covered with agglomerated grains (>1 µm diameter) on a relatively smooth background of sub-micrometer circular grains. As a result of multi-point analysis by EDX, in the large grains, gallium was barely detected and the Ga/(In + Ga) ratio was 0.000.05. On the other hand, in the small background grains, a high concentration of Ga was detected. At 30 µmol/min, the surface was relatively smooth and covered with submicrometer grains. In addition, the area scan by EDX suggested that Ga was distributed uniformly throughout the CIGS film; the Ga/(In + Ga) ratio was 0.23. In a previous study, the surface morphology of samples selenized by using H 2 Se gas was found to depend on selenization conditions. 7) When selenization was insufficient, the surface of film was covered with large grains on smooth background grains, and when selenization was sufficient, the surface morphology of films became more uniform and dense, similarly to the trend observed in the present experiment. Moreover, the surface morphology of the sample sufficiently selenized with H 2 Se gas was similar to that of the sample shown in Fig. 5(b) .
When the supply rate of Se was insufficient, Se diffused into the film but did not reach the bottom of the CuGa layer, such that the CuGa layer was not fully selenized and remained in the film. Therefore, an insufficient amount of Ga was contained in the large grains. On the other hand, when the supply rate of Se was sufficient, excess Se was supplied to the precursor, and stable InSe reacts with the excess Se to form volatile In 2 Se (2InSe(s) + Se(g) ¼ In 2 Se(g) + Se(g)).
The direct reaction between In and Se may also leads to the formation of In 2 Se (2In(l) + Se(g) ¼ In 2 Se(g)). Through these reactions, volatile In 2 Se is re-evaporated from the surface of the film, 10) such that the amount of In decreased, and the composition approached Cu : In : Ga = 5 : 4 : 1, even though the composition of the precursor was set to be Cu : In : Ga = 5 : 6 : 1. Assuming that all the Cu and Ga in the precursor are incorporated into the chalcopyrite structure of the CIGS layer, along with an appropriate amount of In, the Ga/(In + Ga) ratio reached 0.2. Hence, most of the Ga in the precursor is presumed to be incorporated into the chalcopyrite structure at a supply rate of 30 µmol/min.
Summary
Polycrystalline CIGS films were prepared by thermal treatment using dimethylselenium which has advantages in low toxic and easy handling over H 2 Se gas. The surface morphology and crystal phase were affected by the treatment temperature and the supply rate of dimethylselenium. The selenization of the precursor was promoted with increasing treatment temperature. The surface morphology changed markedly with CIGS formation, which produced faceted grains. The amount of Ga incorporated into the CIGS films increased as the dimethylselenium supply rate was increased, and most of the Ga was incorporated into the chalcopyrite structure of the CIGS film at a supply rate of 30 µmol/min. When comparing samples selenized by using H 2 Se gas with those selenized by using dimethylselenium, the surface morphologies of the samples selenized with H 2 Se gas wewe similar to those of the samples selenized with dimethylselenium. It was demonstrated that dimethylselenium is effective in preparation of the CIGS films as the alternative material of H 2 Se gas.
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(a) (b) Fig. 5 Surface morphology of films selenized at DMSe supply rates of (a) 10 µmol/min and (b) 30 µmol/min.
